Fabrication of the G-Chip.
The microfluidic structure was designed with AutoCAD (Autodesk). The G-Chip was fabricated by the use of soft lithography and polydimethylsiloxane (PDMS) molding technique. The dimensions are shown in Figure S1 .
Figure S1
The dimensions of G-Chip outline sketch.
To achieve the desired height of the mold layer at about 30-40 µm, negative photoresist SU8-3050 was spun on the silicon wafer at 500 rpm for 10 seconds with an acceleration of 100 rpm/s to spread out the photoresist, then at 3000 rpm for 30 seconds with an acceleration of 100 rpm/s. Then 30 seconds were set up to stop. The coated wafer was then baked at 95 °C for 15 minutes. After cooling down, the wafer was patterned with UV light in the photomask aligner with an exposure dose of 150-250 mJ/cm 2 , followed by immediate postexposure baking at 65 °C for 1 minutes first and then at 95 °C for 5 minutes. Then, it was developed in SU-8 developer for 10 minutes and washed with isopropyl alcohol. After developing, the wafer was hard-baked at 140 °C for 1 hour. After being treated with an anti-adhesive agent, trimethylchlorosilane (TMCS), via vapor at reduced pressure for 30 minutes, the wafer mold was casted with pre-polymer of RTV 615 PDMS part A and B (10:1), and then baked at 75 °C overnight. The PDMS layer was peeled off the mold, cut, and punched for inlet and outlet holes. It was further chemically bonded to a glass slide after oxygen plasma treatment. The fresh G-Chip was treated with detection buffer overnight. Then PS-BSA-Dig beads of the desired amount were loaded onto the embedded filters driven by gravity.
Methods

Labeling anti-Dig Antibody with Atto 488
The labeling is done following the protocol in the labeling kit from Sigma-Aldrich. Briefly, anti-Dig antibody (200 µL, 0.5 mg/mL) was mixed with reaction buffer (25 µL) by pipetting up and down several times. Then the solution is transferred to the vial containing dye (the amount is suitable to label 50-100 µg antibody) and incubated in the dark for 30 minutes. The solution is now ready to use. The labeled antibody is diluted with antibody stabilizer (1 mL).
Preparation of PS-BSA-Digg Beads
Digoxigenin NHS-ester (1 mg, 1.52 µmol) was dissolved in DMSO (1 mL), divided into 10 aliquots, freezed-dried, and stored at -20 °C. One aliquot was dissolved in 100 µL DMSO immediately before use. Conjugation of digoxigenin NHS-ester to BSA. Digoxigenin NHS-ester (90 µL, 1.52 mM) and BSA (60 µL, 1%) were added into K 2 HPO 4 (135 µL, 0.2 M, pH: 9.1). The mixture was kept at 4 °C in a refrigerator overnight. Then, washing buffer (1.53 mL, 0.025 M KH 2 PO 4 , 0.15 M NaCl, 0.01% NaN 3 , pH: 7.2) was added in and separated with an Amicon filter (15000 g 5 min for separation twice and then 2000 g 4 min for collection). The final volume of collected conjugation sample is about 90 µL. The conjugation is confirmed with PAGE analysis ( Figure S2 ) and the yield is about 85% in comparison with control experiments with only the same amount of BSA.
Figure S2
Native 6% PAGE analysis of BSA and BSA-Digg conjugation (both are around 0.03 µg). Lane 1: BSA. Lane 2: Products from BSA and Digoxigenin NHS-ester reaction.
Coupling of BSA-Dig Conjugates with Carboxylate-functionalized PS Beads. The aboveobtained BSA-Dig conjugates (100 µL) were diluted with about BSA (100 µL, 1%), and PS beads (about 900 µL) were coupled according to the procedure in the PolyLink Protein Coupling Kit. After centrifugation, the modified beads were suspended in 1.5 mL washing/storage buffer. The final concentration is about 1.5% solid w/v. Figure S3 shows the bright-field and fluorescence image of PS-BSA-Digg beads after incubation with Atto 488-labeled anti-Dig antibody. 
Spectrofluorimetry Studies
The desired concentrations of Atto 488-labeled anti-Dig antibody and Atto 680-labeled streptavidin were obtained by diluting the corresponding stock solution in antibody stabilizer with detection buffer (PBS buffer with 0.1% BSA, 0.05% Tween-20, and 0.02% NaN 3 ). The total volume of each sample is 200 µL. The volume of each sample for fluorescence measurement is 70 µL. To monitor Atto 488 fluorescence, excitation was carried out at 480 nM, and emission intensity was monitored at around 520 nM. For Atto 680 fluorescence, excitation was carried out at 670 nM, and emission intensity was monitored at around 700 nM. In the above fluorescence measurement, slit widths for both excitation and emission were set at 5 nM. In normalizing the fluorescence intensity, the fluorescence intensities from control blank sample at fixed probe concentrations were set to 1. Error bars represent the standard deviation of at least three independent experiments.
Results and Discussion
Section S1 Investigation of the stability of the two signal-mode strategy To examine the robustness and reliability of this two signal-mode assay, the fluorescence signals at different probe concentrations were measured at different times over the course of three days and the signal ratios were calculated. As shown in Figure S4a , the error bars from the individual signals, from either Atto 488-labeled anti-Dig antibody or Atto 680-labeled streptavidin, are much larger than that in the corresponding signal ratios, as verified at four different probe concentrations. All signals are also categorized in groups of different days at different probe concentrations. Figure S4b shows the summarized distribution and variation from day-to-day comparison. In general, the distribution range in the normalized intensity (dI, given by Eq S1) from single signals at the same day is 0.060-0.262 for Atto 488-labeled antiDig antibody and 0.063-0.250 for Atto 680-labeled streptavidin, respectively. dI = Normalized maximum intensity (I max ) -Normalized minimum intensity (I min ) (S1) However, the distribution range for the signal ratio of Atto 488/Atto 680 with normalized intensity is between 0.014-0.097, which is much narrower relative to the individual dI values of Atto 488 and Atto 680 although the ratio slightly increases at low probe concentration. In addition, all the P values are calculated for day-to-day comparisons. All the P values from signal ratio comparison are equal to or above 0.05, which demonstrates that the results from two signal-mode strategy are reproducible and independent of time of measurement. The signals in Figure S4a are also categorized in groups for sample-to-sample and concentrationto-concentration comparisons, respectively (Supporting Figure S5 , S6, Table S1 , and associated discussion there), further confirming the advantage. 
Discussion of Figure S5
After categorizing the signal and signal ratios of the same sample at different concentrations for sample-to-sample comparison, the variance between single-mode signals, either from Atto 488-labeled antibody or Atto 680-labeled streptavidin, is much larger than signals ratios of Atto 488/Atto 680. Accordingly, the plot distribution of signal ratios is much narrower than single signals. In general, the distribution range (Maximum -Minimum) from single signals of different samples is about 0.065-0.225 for Atto 488-labeled anti-Dig antibody and about 0.062-0.225 for Atto 680-labeled streptavidin, respectively. However, the distribution range for the signal ratio of Atto 488/Atto 680 is between about 0.027-0.093, which is much narrower than that from single signals although it becomes a little larger at low probe concentration (1:3 Dilution). In addition, all the P values were calculated for Sample-toSample comparison. The number of P > 0.05, which means there is no significant difference, is 8 for signal ratios (about 67% in total times of comparison), while the number from either single signal is 7 (about 58%). This result confirms the high reproducibility of the suggested two signal-mode strategy no matter what concentrations the probes are set. 
Discussion of Figure S6
All P values were also calculated by categorizing results from samples in terms of different concentrations. Only one P value is below 0.05 (indicated with bold blue font in the inserted table), which means there is significant difference. Similarly, the variance from single signals is much larger than the signal ratios and the plot distribution of signal ratios is much narrower. In spite of this, the concentration of probes on the signals and signal ratios do not influence the two signal-mode strategy much. The plot distributions from either single signals or signal ratios are similar, respectively, although the signal ratio variance at low probe concentrations (1:3 diluted) becomes a little larger. The high robustness of the two signal-mode strategy is further confirmed, demonstrating its great advantage and potential to develop or improve a detection method.
Table S1
Concentration-to-concentration comparison. 
Discussion of Table S1
All P values were also calculated by comparing the same sample at different concentration to compare day-to-day variance. The mean values of samples at the same concentration were also compared to show day-to-day variance. From the results, about 77% of the P values from signal ratio comparison is above 0.05 (37 times out of total 48 times of comparison), which means there is no significant difference between signal ratios of the same sample in day-today variance. However, from comparisons of single-mode signals, the percent of P > 0.05 is about 60% for Atto 488-labeled anti-Dig antibody (29 times out of total 48 times of comparison) and about 58% for Atto 680-labeled streptavidin (28 times out of total 48 times of comparison). And almost all the P values from comparisons between mean values of signal ratios are above 0.05. This result also confirms the great advantages of two signal-mode strategy in high reproducibility, stability, robustness, and reliability to develop a detection method of high precision. 
Section S3 Investigation of detection condition, kinetics, and digoxin detection in pure buffer
After confirming the feasibility for digoxin detection, a range of probe concentrations is set up to cover the relevant digoxin concentration range for clinical requirements (data not shown). With the optimized probe concentrations, the optimal amount of PS-BSA-Digg beads for the system is found. In the absence of digoxin, a series of experiments with variable amount of beads are prepared to identify the optimal amount of modified beads which result in the lowest background signal in detection buffer. As shown in Figure S8 , the fluorescence intensity from Atto 488-labeled anti-Dig antibody in the supernatant decreases with the increment of the amount of PS-BSA-Digg beads while the fluorescence intensity from Atto 680-labeled streptavidin approximately remains constant. The signal ratio of Atto 488/Atto 680 follows the same trend as Atto 488. As a function of the amounts of modified beads, the signals on the modified beads, calculated through a simple conversion of (1 -IAtto 488 / IAtto 680 ), can be simulated well with the Langmuir-Freundlich equation, which is the exponential Langmuir model (see the inset in Figure S8c , and Table S2 for detailed information of all simulations in this paper). [1] The signals are almost identical and non-zero as the amount of beads is increased from 10 µL to 12 µL. The remaining background signals may arise from inactive dye-labeled antibody. Based on the results, 10 µL PS-BSA-Digg beads are chosen as the optimal amount for further experiments under this probe concentration. The kinetics for the immunoadsorption is further investigated (Supporting Figure S9 and S10). It takes about 60 min to achieve almost full balance. However, 20-30 min is enough to reach 95% sorption of that in full balance. After calculating the signals from the supernatant to the modified beads with the simple conversion of (1 -IAtto 488 / IAtto 680 ), the simulated curve is consistent with pseudo-second-order sorption kinetics model. In the following section, we investigate detection of digoxin at different concentrations ( Figure S11) . The samples are first pre-incubated with probes and then PS-BSA-Digg beads are added to capture the excess Atto 488-labeled anti-digoxin antibody. From the signals in the supernatant (Figure S11a and S11b), the fluorescence intensity from Atto 488-labeled antibody gradually becomes stronger gradually with the increment of digoxin concentration while the fluorescence intensity from Atto 680-labeled streptavidin remains almost the same.
The normalized fluorescence is shown in Figure S11c with the corresponding signal ratio at the bottom of Figure S11c , which provides a dynamic and reliable response to different concentrations. The present method has a detection range of 0.2-6 nM with a practical detection limit of 0.2 nM (Figure S11d) , which covers the range of clinical monitoring of digoxin. 
Section S4 Consistence between simulations and experimental results
It should be noted that in all the simulations above ( Figure S8c , S10b, and S11d), each has a parameter (0.71591, 0.74543, and 0.66775, respectively) in the corresponding function (indicated in bold blue font in respective insert, see Table S2 for detailed information of functions). They all refer to a parameter of about 0.7, which corresponds to the maximum sorption on modified beads. This also means that the minimum background in the supernatant should be about 0.3. However, the lowest background obtained is about 0.4 (0.39, 0.39, and 0.40 in Figure S8 , S10, and S11, respectively), which means the signal in solution without any active Atto 488-labeled antibody. As indicated by the kinetics study in Figure S10b , where the immunoadsorption deteriorates in the later stage before reaching the full balance, it might take a little longer time to finally equilibrate. Therefore, the samples are incubated overnight and then the fluorescence signals from the supernatant are measured and processed to further calculate the signal ratio. The result is consistent with all the above simulations ( Figure S12 ) and further confirms the reliability of the present method as well as the two signal-mode strategy. 
Section S5 Investigation of specificity and assay precision
The specificity of the detection method is further investigated by treating the system with a series of compounds. These compounds either have similar or related structure, or are pharmaceutically relevant. The responses of the system are processed from samples spiked with individual substance (Figure S13 and S14a).
The Concentration Difference (CD) is calculated for each molecule according to Eq S2, and the Cross Reactivity (CR, given by Eq S3) is calculated by deriving a ratio between Concentration Difference (CD) to the tested compound concentration. From the results shown in Figure S14c and S14d, it appears that the interference of all the selected compounds on the detection system is minimal. As expected, the response of the system to digoxin and digoxigenin is almost the same because they share main structure which is recognized by the labeled antibody. Although digitoxin and digitoxigenin give high fluorescence responses, due to their structural relation to digoxin, the corresponding Cross Reactivity is low at administered concentrations. All the results in Figure S14a -d indicate high specificity of the developed method for digoxin detection. The assay precision is further investigated by analyses on three different levels of pool control samples. Table in Figure S14e shows the number of test times, spiked concentration, mean values determined, standard deviation (S.D.) and coefficient of variation (C.V.) for each of these control samples. The method has an assay precision of < 10% C.V.
Section S6 Recycle the modified beads
To study recycling of the PS-BSA-Digg beads, the collected beads used in the prior experiments are incubated with a commercial dissociation buffer that disrupts the binding between anti-Dig and digoxin/digoxigenin (Figure S15 , S16, and S17). The dissociation of anti-Dig from the PS-BSA-Digg beads is very fast. After 1 minute the dissociation of the antiDig antibody from the beads is almost complete and it takes only 10-15 min to reach the same background as fresh PS-BSA-Digg beads. To assess whether the PS-BSA-Digg beads conserve their activity after the dissociation procedure, the recycled beads were applied to the detection system again. In Figure S15b , S15c, and S17b, it appears that the recycled beads treated with dissociation buffer from 15 seconds to 3.5 h are good as fresh beads. Longer dissociation times at 1-3h do not destroy the modified beads or influence the activity. In the experiments shown in Figure S16 and S17c, the beads are recycled 15 times. Furthermore, all the following experiments were done by recycling the beads up to 50 times. The error bars from the signal ratios only increases slightly after extended recycling the beads, because the recycling process involves many rounds of washing and centrifugation, which may cause some loss of beads in the process. The performance of recycled beads in the detection of digoxin at different concentrations is further investigated (Figure S18, S19, S20, S21b, and S22) . Although the concentration regression curve is a little different from that with fresh beads (Figure S21a and S21e), the difference is not significant and it might be ascribed to the following reasons: i) there is a slight change of the modified beads' surface because the linked BSA is somewhat denatured in the process of recycling, ii) There may be trace of chemical residues from the immobilization of digoxigenin in the suspension of fresh beads, but they are removed in the process of recycling.
Section S7 Investigation of the influence of plasma on the detection system
Detection of digoxin at different concentrations is performed with detection buffer containing 5% and 15% plasma, respectively (Figure S21c and S21d) . From the comparison of the plotted concentration regression curves deriving from detection in buffer, 5% plasma, and 15% plasma (Figure S21e) , it is evident that the influence of plasma on the detection is minimal, which confirms the high robustness of the assay. In these experiments, the beads are also recycled. The responses of the system to 1.5 nM digoxin in 25% and 50% plasma are also investigated ( Figure S21f) . A concentration of digoxin of 1.5 nM is chosen for spiking because it is at the most sensitive area in the detection range. The responses of the detection system to samples spiked with 1.5 nM digoxin in detection buffer containing 0%, 5%, 15%, 25%, and 50% plasma are compared, and P values are calculated between them. All P values are above 0.05 (Figure S22e insert) , which means that there are no significant differences between them and it further confirms the high robustness of the method.
We also tested detection in pure plasma, however, it becomes difficult to separate the modified beads by centrifugation due to the high viscosity of pure plasma. Therefore, the assay works better with diluted plasma. In that regard, another advantage of the present two signal-mode strategy is that the final signal ratio should in principle be independent of the dissolution. To confirm this, fluorescence intensities are measured from differently diluted detection system and the final signal ratios are determined ( Figure S23) . Both fluorescence signals from Atto 488-labeled anti-Dig antibody and Atto 680-labeled streptavidin decrease gradually with the increment of dilution. However, the signal intensity from Atto 680-labeled streptavidin decreases a little more at higher dilutions, which may be ascribed to the fact that the adhesive property of streptavidin could induce more interference at more diluted concentrations. Therefore, the final signal ratio increases slightly with the increment of dilution, but the variation extent is below 20% even when the detection system is diluted 1:9. As the P value indicates, there is no significant difference when it is diluted 1:2. The digoxin concentration in diluted plasma can be determined according to the above-obtained concentration regression curve (Figure S21b) , which can be converted to the digoxin concentration in the original pure plasma through a simple calculation (Protocol 1b in Methods). Alternatively, to read out digoxin concentration directly from the original plasma sample, we also made a concentration regression curve by taking the dilution into account (Figure S24b) . Here, pure plasma is diluted by buffer in a ration of 1:2 (Protocol 1a in Methods), and the probe concentrations for the detection system are also diluted 1:2 and the results are shown in Figure S24a and S24b (see simulations in Figure S22 ). The concentration regression curves obtained in buffer and in diluted plasma are almost identical ( Figure S24c) . According to Protocol 1a and the concentration regression curve in Figure  S24c , digoxin concentration in pure plasma can be determined directly. 
Section S8 G-Chip Operation
The G-Chip mold is designed using AutoCAD (Autodesk) and fabricated by photolithography molding techniques. The G-Chip is composed of molded polydimethylsiloxane (PDMS), and each chip has two wells for inlet and outlet, respectively. The depth of the flow channel in the G-Chip is about 40 µm (Figure S26) . The chip is designed with multiple layers of filters in the form of pillars that are embedded in the flow channel to retain the 20 µm PS-BSA-Digg beads. In the operation of the chip, it is first loaded with the PS-BSA-Digg beads that are retained in the filter pillars of the chip. When the fluid flows through chip, the anti-Dig antibodies that are not occupied by binding to digoxin in pre-incubation will be captured on the PS-BSA-Digg beads retained in the chip (see Figure S27a for results with unoptimized conditions). Furthermore, it turned out that pre-incubation could be avoided, as similar results were obtained when the plasma sample and the protein probes were loaded into the inlet together ( Figure S27b) . For detection of digoxin in the G-Chip (Figure S28) , only 10 µL blood plasma is required, which is mixed with the labeled anti-Dig antibody and streptavidin probes in 70 µL in the inlet. As the volume of 10 µL is only 1/20 of the total volume of one sample in the previous detection with the use of detection buffer, accordingly, we applied a 1/20 protocol for the detection system in this case (see Protocol 1c for tube and Protocol 2a for the G-Chip in Methods). After loading of the mixture into the chip inlet by a pipette, the chip is tilted 30° from the horizontal orientation. After the solution has passed through the chip and the nonoccupied antibodies have been retained on the PS-BSA-Digg beads, the solution is collected at the outlet of the chip and the fluorescence of the Atto 488-labeled anti-Dig antibody and Atto 680-labeled streptavidin is monitored to determine the ratio and in turn the concentration of digoxin (Figure S29a) . For comparison, the results obtained from monitoring digoxin in a tube are shown in Figure S29b and it is clear that the response and the error bars are quite similar ( Figure S29c , simulations in Figure S30 ). The slight differences may be ascribed to the following reasons: i) some degree of photobleaching during the G-Chip handling, ii) some degree of unspecific binding of antibody to the PDMS surface although it is pre-treated with detection buffer. It only lasts about 20 min to collect about 60 µL liquid from the outlet well. It is fast, and it could be reduced to 10 min if less liquid is required for the fluorescence measurement. It should be mentioned that the G-Chip with the captured PS-BSA-Digg beads are continuously recycled by applying the dissociation buffer directly to the chip, thereby liberating the antibodies bound to the PS-BSA-Digg beads captured in the chip (see Protocol to recycle the G-Chip in Methods). Recycled G-Chips have been applied to generate the concentrations regression curve in Figure S29a as well as all the following experiments. There is no loss of beads or activity when recycling the beads in the chip, since they stay in the filter pillars of the G-Chip. The results show that the performance of recycled chips is highly stable because the captured PS-BSA-Digg beads, as the core materials, do not change. To increase the precision of the detection of digoxin in the G-Chip at low nanomolar concentrations, a fourchip method has been developed. 
